Surrogate fuels are often used in place of real fuels in computational combustion studies. However, many different choices of hydrocarbons to make up surrogate mixtures have been reported in the literature, particularly for jet fuels. To identify the best choice of surrogate components, the capabilities of different surrogate mixtures in emulating the combustion kinetic behavior of the real fuel must be examined. To allow extensive assessment of the combustion behavior of these surrogate mixtures against detailed experimental measurements for real fuels, accurate and compact kinetic models are most essential. To realize this goal, a flexible and evolutive component library framework is proposed here, which allows mixing and matching between surrogate components to obtain short chemical mechanisms with only the necessary kinetics for the desired surrogate mixtures. The idea is demonstrated using an extensively validated multi-component reaction mechanism developed in stages (Blanquart et al., 2009; Narayanaswamy et al., 2010 Narayanaswamy et al., , 2015 , thanks to its compact size and modular assembly. To display the applicability of the component library framework, (i) a jet fuel surrogate consisting of n-dodecane, methylcyclohexane, and m-xylene, whose kinetics are described in the multi-component chemical mechanism is defined, (ii) a chemical model for this surrogate mixture is derived from the multi-component chemical mechanism using the component library framework, and (iii) the predictive capabilities of this jet fuel surrogate and the associated chemical model are assessed extensively from low to high temperatures in well studied experimental configurations, such as shock tubes, premixed flames, and flow reactors.
Introduction
Transportation fuels, including aviation fuels, represent the largest part of petroleum based fuel consumption. For most civilian and military aviation, kerosene type (Jet-A/Jet A-1/JP-8) jet fuels are used. These jet fuels adhere to the general physical property specifications [1] , which include heating value, smoke point, luminosity factor, aromatic content, volatility, viscosity, freezing point, and thermal stability of the fuel, among the properties relevant to the quality of combustion. The important differences between these fuels are that: Jet-A and Jet A-1 have different freezing points (−40 • C for Jet-A and −47 • C for Jet A-1) [2] , and JP-8 includes an additive package to Jet A-1 to satisfy military requirements. However, the JP-8 additives have been found to have negligible influence on the fuel reactivity, and the ignition delays of Jet-A and JP-8 fuels show no differences at low to high temperatures [3] . Like [7, 8] as summarized in Refs. [9, 11] .
etc.) as the real fuel [6] . In this work, the interest is towards such a chemical surrogate for jet fuels, to represent the gas-phase chemical kinetic phenomena of the real fuel, in particular, heating value, major chemical classes, smoke point, density, average molecular weight, and reactivity.
Review of jet fuel surrogates and modeling approaches
Surrogates for real fuels are often chosen as mixtures of fuels representing the major hydrocarbon classes found in the real fuel. Chemical analysis [6] [7] [8] [9] [10] reveals the different hydrocarbon classes present in jet fuels, whose average composition is provided in Fig. 1 . JP-8 fuel contains on average about 18% by volume of aromatics [10] , with a maximum of 25%. The volume fraction of paraffins (normal and branched) has a mean value of 58.78%, with a standard deviation of 7.66%, while the mono cycloparaffins have a mean value of 10.89%, with a standard deviation of 4.77% [7] [8] [9] 11] .
Several groups have proposed surrogates involving two, three, or more components for kerosene fuels and developed kinetic models to describe their oxidation. An extensive review of the kinetic modeling efforts for jet fuels until 2006 is available from Dagaut and Cathonnet [12] . Early studies modeled kerosene oxidation via quasi-global models [13, 14] for the surrogate mixture. With the increase in computing capabilities, reduced and detailed mechanisms for the surrogates began to be proposed in place of global reaction models, for instance, in Refs. [15] [16] [17] [18] [19] [20] . The kinetic models were validated for kerosene oxidation against the available ignition delay data at high temperatures [21, 22] , species profile data in jetstirred reactors [15, 17] , and premixed flames [23] .
There is a large variation in composition of kerosene surrogates due to the wide variety of jet fuel applications [2] . The similarities between reactivities and product species profiles in n-decane and kerosene oxidation observed in experiments [15, 23] motivated many studies to include n-decane as the alkane class representative in their surrogate mixtures, for instance, in Refs. [15] [16] [17] 19] . Normal dodecane was also used to represent the alkane class, since n-dodecane has physical properties similar to JP-7 and JP-8/Jet A [6] , for instance, in Refs. [18] [19] [20] . In addition, small amounts of iso-octane or iso-cetane were included as surrogate components to represent the iso-alkanes in the real fuel, such as in Refs. [18, 20] .
A number of studies compared various aromatic compounds in surrogates and concluded that alkyl-substituted aromatics were the best aromatic components [16, [24] [25] [26] [27] [28] [29] . Xylenes, n-propylbenzene, n-butyl benzene, and α-methyl naphthalene have all been considered as representatives of the aromatic class, for instance, in Refs. [18] [19] [20] 30, 31] . In addition to paraffins and aromatics, Dagaut et al. [17, 32] observed that including a cycloalkane representative in the surrogate led to better agreement in aromatics profiles between jet stirred reactor experimental results and the model. Naphthenes such as methylcyclohexane, n-propylcyclohexane, and decalin have been used as cycloalkane representatives in several surrogate mixtures, for instance, in Refs. [17, 18, 20, 30, [33] [34] [35] .
In most of the studies mentioned above, surrogates were defined such that average amount of the major chemical classes in the jet fuel, given by 79% alkanes, 10% cycloalkanes, and 11% aromatics (by mole) [23, 36] , was matched. In contrast, Violi et al. [18] proposed a strategy for surrogate formulation based on matching volatility, sooting tendency, as well as combustion properties between the surrogate and the real fuel. Following the recommendations of Colket et al. [2] , the surrogate definition procedure for gas-phase combustion applications was subsequently refined in many later studies (for instance, Refs. [37] [38] [39] [40] ) to additionally reproduce targets such as hydrogen-to-carbon ratio, density, cetane number, threshold sooting index, and average molecular mass between the surrogate and the real fuel. A non-exhaustive summary of the recent surrogate formulation and kinetic modeling efforts is discussed in the following. Some of these studies have utilized a much wider experimental database [3, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , which has become available in recent years, to validate their kinetic models for kerosene fuel oxidation.
Recently, Dooley et al. [39] proposed a surrogate for a specific Jet-A fuel (labeled POSF 4658) for gas-phase applications, made up of n-decane, iso-octane, and toluene, to reproduce the aforementioned combustion targets, except that they considered derived cetane number over the conventional cetane number. The real fuel as well as the surrogate mixture were investigated experimentally in several configurations and found to show similar extents of chemical reactivities. They also proposed a kinetic model to represent their surrogate, compared against their experimental data, and observed that the chemical reactivity of the surrogate is strongly dependent on the kinetics of its n-alkane component. Since this surrogate had a lower molecular weight and TSI compared to the real fuel, Dooley et al. [40] proposed a second surrogate comprised of n-dodecane, iso-octane, n-propylbenzene, and 1, 3, 5-trimethyl benzene, which better matched the target Jet-A fuel. Their choice of surrogate components did not include every chemical class present in the real fuel, but rather only those necessary to form intermediate species of markedly different potential for radical production and consumption.
This surrogate was studied experimentally, and found to exhibit essentially the same global combustion kinetic behavior as the real fuel. They also observed similar chemical reactivities between the different surrogate fuels proposed in Refs. [39, 40] in flow reactors and shock tubes, which were traced back to equivalence in integrated pool of functionalities between the two surrogates. Based on these observations, Dooley et al. [40] conceptualized a functional group based approach to define surrogates with minimal complexity, knowing the average chemical structure and functionalities of the real fuel.
Malewicki et al. [52] developed a chemical model for this surrogate using the Dooley et al. [39] model as the base model and adding sub-models for n-propylbenzene and 1,3,5-trimethylbenzene, and predicted mole fractions of CO, CO 2 , C 1 -C 3 intermediate species and the decay of the surrogate fuel and oxygen in their shock tube experiments satisfactorily. Flow reactor simulations using their surrogate model captured the overall trends of the decay of O 2 and the formation of CO, CO 2 , and H 2 O. The computed ignition delays (above 750 K) predicted shock tube data within a factor of two.
Recently, Kim et al. [35] proposed a surrogate (UMI surrogates) containing n-dodecane, iso-cetane, toluene, and methylcyclohexane to represent various chemical and physical properties relevant for spray development and ignition. They proposed a second surrogate containing decalin instead of methylcyclohexane, and found better match in physical properties between the surrogate and the real fuel. They modeled the surrogates using a detailed mechanism [53] and predicted ignition delays at low to high temperatures within a factor of two.
Objectives of the present work
As noted from the discussion above, several surrogates have been proposed for jet fuels, and corresponding kinetic models have also been developed. Existing chemical models for surrogate mixtures have considered several experimental data sets for validation of component kinetics. However, a more comprehensive assessment of the individual component kinetic description is necessary to predict the kinetic behavior of the surrogate mixtures with reliability. Further, to permit kinetic analysis, the kinetic schemes for surrogate mixtures must also be characterized by a compact size.
Our previous kinetic modeling efforts [54] [55] [56] [57] have resulted in the development of a chemical mechanism for several hydrocarbons possessing these desirable characteristics. This reaction mechanism has been extensively validated for many substituted aromatics [55] , n-dodecane [56] , and methylcyclohexane [57] , and has the capability to describe the oxidation of n-heptane and iso-octane, which are all important as components of transportation fuel surrogates. This multi-component chemical mechanism is also characterized by its compact size, consisting of 369 species and 2691 reactions (counting forward and reverse reactions separately), and is hence amenable to chemical kinetic analysis.
Despite its compact size, an important feature of this kinetic model is its ability to predict oxidation at low through high temperatures for a number of molecular species. While conventional jet engines operate at high temperatures, an understanding of their ignition behavior at moderate and low temperatures is particularly important for controlling combustion in the context of using jet fuels in diesel [58] [59] [60] [61] and HCCI type engines [2, 62] . Furthermore, the well-validated aromatic chemistry makes this reaction mechanism appropriate for assessing the formation of pollutants.
As evident from the literature on surrogate definition, there are several choices of hydrocarbons to make up surrogate mixtures for jet fuels. Note that while surrogate mixtures containing different components can be defined to possess the same global combustion properties, such as those described in Section 1.1, there are likely to be differences in their combustion dynamics that cannot be entirely prescribed by the global target properties. To reach consensus on the best choice of surrogate components, the capabilities of different surrogate mixtures in emulating the combustion kinetic behavior of the real fuel must be evaluated. To allow extensive assessment of the combustion behavior of these surrogate mixtures against detailed experimental measurements for real fuels, accurate and compact kinetic models are essential.
As a first step towards this goal, we propose a flexible and evolutive component library framework, which allows mixing and matching between surrogate components to obtain short chemical mechanisms with only the necessary kinetics for the desired surrogate mixtures. The reaction mechanism described above, characterized by its compact size and modular assembly, lends itself into this framework naturally, and allows to be reorganized in the form of a parent mechanism containing sub-mechanisms of several component fuels. A chemical mechanism for a surrogate mixture, the kinetics of whose individual components are described in this parent chemical mechanism, can be extracted from the library of component sub-mechanisms and validated extensively, thanks to its compact size.
The oxidation kinetics of several hydrocarbons relevant as transportation fuel surrogate components are described in the parent mechanism. Thus, short kinetic schemes for a large number of mixtures, which are potential surrogates for jet fuels, gasoline, diesel, and Fischer-Tropsch fuels can be extracted from the parent mechanism using the component library approach and validated extensively. In this article, we demonstrate one specific example as an application of the component library approach by, (a) defining a surrogate mixture to optimally represent the gasphase combustion properties of an average jet fuel, consisting of molecules whose kinetics are described in the multicomponent chemical mechanism described above [57] , (b) deriving a chemical model for this surrogate mixture from the multi-component chemical mechanism [57] using the component library framework, and (c) assessing the predictive capabilities of this jet fuel surrogate and the chemical model extensively using data from well studied experimental configurations, such as shock tubes, premixed flames, and flow reactors.
This article is organized as follows. In Section 2, the development of the kinetic scheme referred above [54] [55] [56] [57] is briefly described and reorganized into a component library framework that allows to choose components whose kinetics need to be included in the chemical mechanism. Thereafter, in Section 3, identifying ndodecane, m-xylene, and methylcyclohexane as components of the jet fuel surrogate, a constrained optimization approach is used to determine the surrogate composition that best represents the target properties of jet fuel. A chemical model to describe the oxidation of this surrogate is then derived from the multi-component chemical mechanism [57] using the component library approach. In Section 4, the performance of the jet fuel surrogate and the kinetic scheme that describes its oxidation is assessed extensively against a much wider range of experimental data [3, 21, 23, [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] ] than previously reported in the surrogate literature. The importance of the different surrogate fuel components towards global combustion characteristics are also discussed. The article is then concluded by highlighting the chief contributions.
Reaction scheme for a multi-component fuel
A compact chemical model valid for several fuels has been assembled in stages, starting with a well-validated base model for C 0 -C 4 chemistry [54] and adding to it sub-mechanisms for many hydrocarbons, which are relevant as components of transportation fuel surrogates [55] [56] [57] . Notably, this mechanism has the capability to describe the oxidation of (a) several substituted aromatics, namely toluene (A 1 CH 3 ), ethylbenzene (A 1 CH 3 ), styrene (A 1 C 2 H 3 ), m-xylene (A 1 (CH 3 ) 2 ), and α-methyl naphthalene (A 2 CH 3 ), (b) nheptane, (c) iso-octane, (d) n-dodecane, (e) methylcyclohexane, as well as soot precursor chemistry.
The rate constants used for oxidation reactions of the aromatic species are obtained from the literature (experimental data and theoretical calculations) or are derived from those of the lower aromatics or the corresponding alkane species as described in Narayanaswamy et al. [55] . The cyclopentadiene, naphthalene, and polycyclic aromatic (PAHs) chemistry are based on existing kinetic schemes as described in Blanquart et al. [54] . The sub-mechanisms for n-heptane, iso-octane, n-dodecane, and methylcyclohexane are incorporated by combining skeletal mechanisms for these hydrocarbons derived from appropriate detailed mechanisms [63] [64] [65] [66] using model reduction techniques [67, 68] . [54] [55] [56] [57] reorganized into a component library framework. Right: assembling a chemical mechanism for n-dodecane and methylcyclohexane, valid from low to high temperatures, using the mix-and-match component library approach.
The merging of mechanisms is achieved using an interactive tool [38] that automatically identifies common species and reactions from different mechanisms and incompatibilities between kinetic data sets, which are then resolved. Further, duplicate reaction pathways in the combined model coming from the incremental reaction scheme are identified and removed appropriately.
Note that combining different mechanisms has the risk of introducing truncated paths or involuntarily duplicating reaction pathways, which has been best circumvented here by combining short skeletal reaction schemes. In fact, detailed models even for single components are often of a large size, and therefore, combining these detailed mechanisms to create a multi-component mechanism of a size amenable to kinetic analysis would be nearly impossible. Combining skeletal mechanisms also ensures that only the kinetics essential to describe the oxidation pathways of desired hydrocarbons are introduced into the multi-component reaction mechanism, thereby resulting in a reasonably sized model. Several revisions are incorporated to the reaction rate constants in the different sub-mechanisms based on recent experimental and theoretical rate calculations to improve the kinetic description as elaborated in Refs. [54] [55] [56] [57] . The resulting chemical mechanism has been analyzed and validated comprehensively using available experimental data thanks to its reasonably compact size (369 species and 2691 reactions counting forward and reverse reactions separately). The validation test cases considered include 0D and 1D configurations, such as (i) ignition delays in shock tubes and rapid compression machines, (ii) burning speeds in laminar premixed flames, (iii) time history of species and radicals in shock tubes and flow reactors, and (iv) stable species and radical profiles in premixed flames. The validation tests for different fuels are shown in the main article corresponding to each component [54] [55] [56] [57] and in the Supplementary materials of Ref. [57] .
Component library approach
As mentioned in Section 1.2, to comprehensively examine the capabilities of different surrogate mixtures towards reproducing the combustion kinetic behavior of the real fuel, short and accurate chemical kinetic models for these surrogate mixtures are essential. Note that having a compact size for the chemical model is important, because a model with a reasonably small number of species (say < 500) permits certain calculations, such as calculation of laminar flame speeds, detailed species profiles in flames, sensitivity analysis, and integration in CFD simulations (for example, using tabulation methods), which are difficult to do with larger reaction mechanisms. In this section, we illustrate a flexible component library framework, which allows to mix and match between fuel components and obtain short chemical mechanisms with only the necessary kinetics for desired surrogate mixtures, using the multi-component chemical mechanism described above as an example.
This chemical mechanism is first rearranged into a parent mechanism, consisting of modules organized in the form of a library of component sub-mechanisms, namely those of high temperature oxidation of n-heptane, iso-octane, substituted aromatics, n-dodecane, and methylcyclohexane, with an underlying base chemistry for C 0 -C 5 hydrocarbons, benzene, and PAH chemistry. The low temperature oxidation pathways of n-dodecane and methylcyclohexane are considered as incremental modules to this component library. This is pictorially represented in Fig. 2(a) .
Having arrived at such a modular framework, short and accurate chemical mechanisms for desired single or multi-component fuels, whose kinetics are described in the parent mechanism, are obtained by combining relevant sub-mechanisms and incremental modules with the base chemistry. For instance, a kinetic scheme valid for low to high temperature oxidation of n-dodecane and methylcyclohexane is assembled by combining (i) base chemistry, (ii) high temperature sub-mechanisms for n-dodecane and methylcyclohexane, and (iii) incremental low temperature oxidation modules for n-dodecane and methylcyclohexane (see Fig. 2(b) ). The duplicate reactions occurring in this combined mechanism are removed as a part of the post-processing step.
A perl script to generate kinetic models by picking desired submechanisms and incremental modules from the multi-component mechanism described above [57] is available online [69] and in the Supplementary materials. Validation tests for selected multicomponent mechanisms are also provided there.
Note that this modular component library based rearrangement of the mechanism is readily feasible because direct cross-reactions between fuel-specific molecules (i.e. heavy molecular weight fuel radicals and intermediates) are not important for the kinetics in this reaction scheme. Rather, two different large hydrocarbon molecules interact during combustion only at the level of small radicals and decomposition products. The multi-component chemical kinetic scheme [57] also easily lends into being re-organized in this fashion owing to its compact size and development in stages. This component library idea can, in principle, be applied to chemical mechanisms that comply with these criteria, to obtain reaction schemes for a mixture of only a few components, whose kinetics are described in the parent mechanism.
This component library approach shares some similarities with Reaction Design's Model Fuel Library (MFL) [70] , which also has a library of sub-mechanisms for several hydrocarbons. In MFL, skeletal mechanisms for a desired multi-component fuel are obtained automatically using a combination of existing reduction techniques. However, in the present work, no model reduction is needed to extract the short multi-component mechanism, since the chemical mechanism [57] is already of a compact size and is in skeletal form. The open source perl script available in the Supplementary materials and online [69] is used to obtain the short mechanisms for the desired surrogate mixture.
Using this component library based re-arrangement of the multi-component kinetic scheme [57] , reaction mechanisms for many hydrocarbon combinations can be extracted and used to assess potential surrogates for real fuels extensively. To give specific examples, at high temperatures, a mechanism for n-dodecane and iso-octane will be suitable to test mixtures of these components as Fischer-Tropsch surrogates [71] . The impact of substituting nheptane in place of n-dodecane could also be examined, thus assessing the role of different alkanes in reproducing combustion characteristics of the real fuel.
Similarly, a mechanism derived for low to high temperature oxidation of n-dodecane can be used to test this fuel as a single component diesel fuel surrogate, while a kinetic scheme derived for ndodecane in combination with m-xylene or α-methylnaphthalene could be used to understand the impact of aromatics in diesel surrogates; and a kinetic scheme derived for n-heptane, iso-octane, and toluene can be used to assess mixtures of these components as gasoline surrogates. Note that in deriving these kinetic schemes, only those kinetics necessary for the fuel components are included, thus resulting in smaller reaction mechanisms compared to the multi-component parent reaction scheme.
In this article, we demonstrate the applicability of this component library approach for jet fuel surrogates, by (i) deriving a short and accurate chemical model for a jet fuel surrogate from the parent multi-component mechanism [57] and (ii) assessing the performance of the jet fuel surrogate and the chemical model extensively in well studied experimental configurations. As a first step, in the following section, a surrogate is defined to represent a jet fuel for gas-phase combustion applications.
The component library based on the multi-component chemical mechanism [57] will be expanded in the future to include the kinetics of additional hydrocarbons, which are relevant as transportation fuel surrogates, such as n-propylbenzene and n-propylcyclohexane. Further, the low temperature oxidation pathways of n-heptane and iso-octane will be added as incremental features, following a similar procedure as demonstrated for ndodecane and methylcyclohexane [56, 57] or by following the steps of Cai and Pitsch [72] .
Jet fuel surrogate: definition & chemical kinetics

Choice of jet fuel surrogate components
A natural procedure to select suitable components of a surrogate mixture for jet fuels is to identify one representative hydrocarbon for each of the major hydrocarbon classes found in the real fuel, namely paraffins, cycloparaffins, and aromatics [6] [7] [8] [9] 73] (shown in Fig. 1 ). This follows from the idea of choosing surrogate components from a palette of recommended species, as discussed in Refs. [2, 74, 75] , for instance. This choice ensures that the different functional groups present in significant concentrations in the intermediate radical pool created during the combustion of the real fuel are adequately captured by the surrogate fuel. Establishing this correspondence in the intermediate radical pool is important to replicate the chemical kinetic behavior of the real fuel using the surrogate mixture [40] . It is also essential to choose surrogate components that have been carefully studied [18] , so that a comprehensive assessment of the surrogate kinetic model for the individual component description is feasible, which is in itself key to the performance of the multi-component surrogate model.
Based on molecules identified as relevant to jet fuels [2] , the components of the jet fuel surrogate for this work have been chosen as: (a) n-dodecane, to represent the paraffin class; (b) methylcyclohexane, to represent the naphthene class; and (c) m-xylene to represent the aromatics. This choice is motivated by several observations. Longer chain alkanes, such as n-decane, n-dodecane, and n-tetradecane, are potential candidates to represent the paraffin class in jet fuel surrogates. Out of these normal alkanes, ndodecane, which is used as a surrogate component in several studies, for instance, Refs. [18, 71] , is a good compromise between a longer straight chain alkane, typical for transportation fuels, and a reasonable sized molecule [2] . Second, the aromatic component m-xylene possessing a higher tendency to soot compared to the other chosen components, helps the surrogate in reproducing the sooting characteristics of the jet fuel. Finally, methylcyclohexane is the simplest substituted cyclic alkane that can be modeled reliably, and is therefore chosen as the cycloparaffin representative in the surrogate.
Dooley et al. [76] studied the importance of a cycloalkane functionality in the oxidation of a real jet fuel by experimentally studying the reactivities at low to high temperatures and laminar diffusion flame extinction limits of two surrogates: (a) a reference surrogate [39] and (b) a methylcyclohexane model fuel, consisting of 22.5% methylcyclohexane, having the same values for four selected combustion property targets, derived cetane number, hydrogen/carbon ratio, molecular weight, and threshold sooting index. While no distinctive influence was observed on the low-temperature reactivity of the surrogate, the cycloalkane functionality was found to influence the hot-ignition transition by accelerating the global reactivity equivalent to an increase in reaction temperature of ∼ 20-30 K at 800-900 K and 12.5 atm. These authors concluded that the cycloalkane class representative in the surrogate can perhaps be replaced with iso-alkane components.
However, the ring structure of these cyclic molecules allows specific pathways, for instance, opening of the cyclic ring, that are not possible in linear/branched alkanes/alkenes, which could potentially influence the reactivity of the real fuel. Further, cycloalkanes, for instance, methylcyclohexane, can directly form aromatic species (benzene and toluene) via dehydrogenation [57] , while branched alkanes form aromatics only through small hydrocarbons, such as acetylene. In view of these unique kinetic features, a cycloalkane representative is included in the present jet fuel surrogate, as it could potentially influence the overall fuel reactivity and the aromatics formed from real fuel oxidation.
Note that although no iso-alkane is included as a surrogate component, this is partly compensated by including a cycloalkane representative in the surrogate mixture. Methylcyclohexane oxidation results in the formation of branched molecules such as radicals of iso-prene and i-C 4 H 8 that are characteristic of the intermediate radical pool of iso-alkane oxidation. The importance of including a representative iso-alkane component in the jet fuel surrogate will be investigated in future. 
Targets for combustion applications
Properties of typical transportation fuels that are crucial to design a surrogate for gas-phase combustion applications include the fuel heating value, average carbon number, molecular weight, a measure of overall reactivity, and the sooting tendencies. These are described in detail here. The values of these target properties for a few transportation fuels are shown in Table 1 .
Heating value. This target is crucial, since it determines the heat released and is hence important for the flame temperature. The lower heating value, which is the heat released when the combustion products are in gas phase is more relevant considering combustion in an engine. The heating value is correlated with a fundamental quantity, the H/C ratio, which is the ratio of the number of Hydrogen atoms to the number of Carbon atoms in the fuel [38] , as shown in Fig. 3(a) . The higher the H/C ratio, the higher the energy released per unit mass of the fuel is.
The H/C ratio also correlates with the adiabatic temperatures for pure fuels [38] (see Fig. 3(b) ), which using asymptotic arguments [82, 83] have been shown to be of leading order importance for laminar burning velocities. Figure 3 (b) shows that an error in the H/C ratio of about 0.1 leads to an error in the adiabatic flame temperature by about 8 K. Flame temperatures are also exceedingly important for pollutant formation. For these reasons, matching the H/C ratio between the surrogate and the real fuel ensures the correct energy content, combustion temperature, as well as flame speeds for the surrogate.
For instance, we consider six mixtures consisting of different amounts of n-dodecane, methylcyclohexane, and m-xylene, such that their H/C ratios stay the same. It can be observed from Fig. 4(a) that the flame speeds of the pure components, especially for m-xylene, are different. However, the flame speeds for these mixtures, shown in Fig. 4(b) , are the same to within 5% difference. Note that the mixtures considered (see caption of Fig. 4 ) have varied amounts of all the fuel components, ruling out any cancellation that might occur due to the flame speeds of n-dodecane and methylcyclohexane being similar. These different mixtures also result in similar integrated amounts of small radicals, as shown in the Supplementary materials, Fig. S1 . The observed equivalence in the amounts of small radicals suggests that H/C ratio is also important for matching ignition delay times at high temperatures, as will be shown below.
The H/C ratio takes values between 1.9-1.95 for jet fuels and ∼2.1-2.2 for Fischer-Tropsch fuels. Since this ratio varies depending on the hydrocarbon class (e.g. ∼ 2 for alkanes, 1-1.4 for aromatics), this global quantity is also indicative of the diversity in the molecular structure in the real fuel.
Molecular weight. Fuel molecular diffusion properties are strongly related to the molecular weight [84] . Therefore, ensuring that the average molecular weight of the surrogate fuel is similar to the real fuel is important to mimic the diffusive properties of the real fuel especially in laminar flames. If the real fuel and the surrogate have similar average carbon numbers, then the equivalence ratios would be comparable. However, in turbulent flames, the effects of differences in magnitudes of molecular diffusion often vanish. In these cases then, matching these properties might be unimportant [85] .
Reactivity. Diesel and gasoline engines require accurate control of fuel reactivity, and this is globally indicated by cetane number (CN) and octane number (ON). Our previous investigations suggest that including the cetane number as a target in defining a surrogate for jet fuels is important for ignition delay predictions at intermediate temperatures, where the NTC regime of ignition prevails [71, 86] .
Cetane number is experimentally determined by measuring the ignition delays of the fuel under consideration in a special diesel engine called a Cooperative Fuel Research (CFR) engine, and finding the specific mixture of iso-cetane and n-cetane which results in the same ignition delay. In this way, since the operating conditions under which cetane number is measured is that of a diesel engine, the cetane number is indicative of the ignition delays in the NTC regime of ignition. Higher cetane number corresponds to faster ignition in the NTC region.
For instance, we consider three mixtures consisting of different amounts of n-dodecane, methylcyclohexane, and m-xylene, such that their cetane numbers stay the same. It can be observed from Fig. 5(a) that the pure components have vastly different ignition delay times at low through high temperatures. However, the ignition delays for their mixtures, which are shown in Fig. 5(b) , while different at the high temperatures, all converge to similar values at moderate temperatures, 700 K < T < 900 K.
Therefore, when considered as a target in the surrogate definition, the cetane number of the average jet fuel is representative of the autoignition quality of the fuel at intermediate temperatures.
From the earlier discussion, note that H/C ratio is indicative of the small radical pool at high temperatures, which is important for ignition at these temperatures. In fact, the ignition delays computed using mixtures of n-dodecane, methylcyclohexane, and m-xylene, keeping the H/C ratio fixed yields similar ignition delays at high temperatures (maximum difference of 12%), as shown in Fig. 5(c) . Thus, the cetane number and H/C ratio are both important targets for surrogate definition to reproduce the reactivity of the real fuel from intermediate to high temperatures.
Sooting tendency. The sooting tendency of a hydrocarbon is experimentally determined by measuring the smoke height H, which is the largest flame height without smoke emission under laminar diffusion combustion. Smoke heights measured in a specific apparatus are converted into apparatus-independent threshold sooting indices (TSIs) using,
where MW is the molecular weight of the hydrocarbon and a and b are apparatus-specific constants chosen so that TSI ethane = 0 and TSI naphthalene = 100 [87] . The threshold sooting index has been found to correlate well with actual particulate emissions [88] . Therefore, this serves as an important target for surrogate definition to capture the sooting ability of the real fuel. The determination of the TSI for a given fuel mixture is described in the next section.
Surrogate definition
The important properties that the surrogate must share with the real fuel were discussed in the previous section. However, note that not all surrogate mixtures can reproduce the target properties exactly. For instance, in defining their jet fuel surrogate, Dooley et al. [39] allowed precedence for H/C ratio over TSI, since no proportion of the selected components would satisfy the TSI and H/C ratio simultaneously. Therefore, given a choice of components to make up the surrogate, our goal is to determine an optimal component composition, so that the properties of the surrogate fuel best resemble the target real fuel properties.
In the present work, this objective is formulated as a constrained optimization problem, following the lines of Pepiot [38] . The composition of surrogate components are the optimization variables, and average real fuel target properties are the desired optimization targets. The most important targets are imposed through the introduction of constraints in the optimization problem.
In order to perform the optimization, quantitative structure/property relationships must be available, relating the target real fuel properties to the fuel structure of the individual surrogate components and their mole fractions. In this work, mixture properties are determined by exploiting the fact that most Table 2 Relationships for different combustion targets between the individual fuel component values and their mixtures: X -gas mole fraction, V -liquid volume fraction, n H -number of hydrogen atoms, n C -number of carbon atoms, CN -cetane number, TSI -threshold sooting index; Individual components are indicated with subscript i and mixture with subscript 'mix'; N is the total number of components in the surrogate mixture.
Mixture properties = function (neat components)
of these target real fuel properties are indeed bulk properties; the multi-component surrogate fuel's properties are hence expressed as combinations of individual component properties, appropriately weighted by mole fractions or volume fractions. The relationships for different combustion targets between the individual fuel component values and their mixtures are given in Table 2 . Structural group analysis is used to determine threshold sooting index of the individual fuel components following Pepiot et al. [89] . This procedure follows that described by Yan et al. [90] , based on the initial work of Benson [91] .
A linear volume fraction weighted mixing rule is used to estimate the cetane number of mixtures from those of the neat components [92, 93] . Although this model can be less accurate [94, 95] because of the non-linear interactions between the fuel molecules, in the absence of a more accurate relationship that describes the interactions between the neat molecules chosen in the surrogate and their mixtures, the linear blending model is used here. Also, due to its simplicity, this model permits easy integration into the proposed constrained optimization approach. This linear blending rule has been found to be reasonably accurate in previous works [96, 97] and has been adopted in recent studies, for instance, Refs. [98] [99] [100] .
In this work, the combustion properties of the real fuel that are desired to be reproduced by the surrogate fuel, namely, H/C ratio, number of carbons and hydrogens, cetane number, and threshold sooting index, are used as optimization targets. The optimal surrogate composition is determined by minimizing the sum of squares of the deviation of the target property values from the mixture values weighted appropriately. The function to be minimized is thus given by,
where N P refers to the number of optimization target properties, P j, target refers to the desired target value of the property j, and P j, mix refers to the mixture value of the property j, estimated using mixture rules prescribed above. Unequal weights (ω j ) could be assigned to these targets to bias one with respect to the other, nevertheless, these are treated equally in the present work. Although there are no constraints imposed in this case from the combustion properties, one constraint that must be satisfied is the normalization condition,
The minimization of the objective function, F in Eq. (1), subject to this constraint is performed using the non-linear constrained optimization function, fmincon, in MATLAB [101] .
This constrained optimization approach can in principle be employed to define a surrogate for any real fuel whose relevant target properties are known. Note that if the optimization targets are all replaced by constraints, this approach would be indistinguishable from the notion of defining a specific surrogate for a specific fuel, proposed by Dooley et al. [40] . Thus, the proposed method to define surrogates can be conceived as a generalized approach that allows to determine an optimal surrogate that represents real fuel target properties in the best manner, which is applicable even in those cases where no combination of the chosen surrogate components can replicate all the targets exactly.
The optimal component composition of the jet fuel surrogate that is obtained by solving the constrained optimization problem with n-dodecane, methylcyclohexane, and m-xylene as the surrogate fuel components is provided in Table 3 , where the target properties used are also listed. The aromatics contribution is primarily determined by the Threshold Sooting Index requirement for the surrogate. It is not necessary to match the real-fuel fraction of each of the representatives in the surrogate mixture, since it is primarily the intermediate radical pool generated by the oxidation of these hydrocarbons that dictates the chemical kinetic behavior of the mixture [40] . Table 3 shows that the proposed jet fuel surrogate agrees with the target real fuel properties in terms of the H/C ratio, cetane number, and sooting tendency. However, discrepancies can be observed for the average chemical formula and the fuel molecular weight comparing the real jet fuel and the proposed surrogate. Using a heavier cyclic alkane in place of methylcyclohexane in the surrogate mixture could help match these targets better. The following section will show that the proposed surrogate adequately describes the combustion characteristics of the real fuels in a large number of kinetically controlled configurations. This surrogate will be referred to as S o , to denote that the surrogate has been defined using a constrained optimization approach.
This optimization based surrogate definition approach shares several similarities with the approaches of Mueller et al. [100] and Ahmed et al. [102] , although it was developed independently [38] . With a set of targets that included physical property targets, Mueller et al. [100] proposed surrogates for FACE diesel fuels, by minimizing a similar form of the objective function as in Eq. (1). Ahmed et al. [102] combined their regression modeling that uses MATLAB's optimization tool [101] with physical and chemical kinetics simulations to propose surrogates for FACE gasoline fuels. In addition, both these studies employed an iterative procedure to find the weighting factors that would result in the best surrogate and verified that the surrogates mimic the real fuel properties experimentally.
Note that the combustion characteristics of the surrogate proposed in the present work has not been validated against those of the average jet fuel experimentally, unlike some of the earlier works [39, 40, 102] . Nevertheless, we expect S o to represent the combustion characteristics of an average jet fuel satisfactorily based on the observations of Dooley et al. [39, 40] , that gas phase surrogates defined by matching their target properties (which are similar to those considered in this work) show a good degree of agreement with experiments. It could be suspected that in diffusion dominated configurations (especially laminar flows), the real fuel may not be well represented by surrogate S o , and [2, 9] 44.0% n-dodecane ∼ 35-40% iso-paraffins [2] ∼ 2% olefins [5] 10.89 ± 4.77 naphthenes [9] 39.4% methylcyclohexane 17.7 ± 3.1% aromatics [5, 9] 16.5% m-xylene Sulfur (490 ppm) [5] Composition (% mole fraction) [45] discrepancies can surface due to the mismatch in molecular weight between the two, as discussed by Dooley et al. [40] .
Kinetics of jet fuel surrogate
The oxidation of S o consisting of 30.3% n-dodecane, 21.2% m-xylene, and 48.5% methylcyclohexane, is described using a kinetic scheme derived from the multi-component reaction mechanism discussed in Section 2 [54] [55] [56] [57] , following the component library approach. The mechanism is obtained by choosing the high temperature sub-mechanisms for the surrogate fuel components, namely, n-dodecane, methylcyclohexane, and m-xylene (i.e. aromatics) from the parent reaction scheme. The incremental low temperature modules of n-dodecane and methylcyclohexane are also included, since the low temperature kinetics of the jet fuel surrogate is also of interest here. The absence of a low temperature module for m-xylene is due to the fact that this fuel does not exhibit low temperature reactivity [103] . A pictorial representation of the mechanism assembly can be drawn following Fig. 2(b) and is shown for reference in the Supplementary materials, Fig. S2 .
The resulting S o mechanism contains 362 species and 2653 reactions. Note that the mechanism is characterized by a similar size as the parent reaction scheme (having 369 species and 2691 reactions), due to the inclusion of several fuels described in the parent mechanism as well as low temperature chemistry. The mechanism and the corresponding thermodynamic and transport properties are available in the Supplementary materials.
Validation tests
The capabilities of the jet fuel surrogate proposed in Table 3 (S o ) are now evaluated by comparing simulations against a large experimental database. The validation tests focus on oxidation environments, while leaving out other configurations in which kinetics are strongly coupled with diffusion, such as counterflow diffusion flame experiments, as the focus of the present work is mainly on the kinetics aspect. The experimental data sets considered include (i) ignition delays spanning wide ranges of temperatures, pressures, and equivalence ratios (ii) major species in shock tubes, (iii) concentration profiles of fuel, oxidizer, and major products, measured in a flow reactor at low to moderate temperatures, (iv) laminar flame speeds obtained at different pressures and unburnt temperatures, and (v) detailed species measurements in a rich premixed flame at atmospheric pressure. The list of the validation tests is summarized in Table 4 .
The database for validation includes experiments performed with both JP-8 as well as Jet-A as fuels. Note that although the compositions of JP-8 and Jet-A fuels are different (owing to the special additives in JP-8), validating the proposed surrogate (S o ) with the data obtained for both fuels is still appropriate, because these fuels share similar global combustion characteristics. This is corroborated by experiments, which show that JP-8 and Jet-A fuels show no significant differences in (i) ignition delays measured in shock tubes [3, 41] , (ii) flame speeds [48, 49] , (iii) extinction and auto-ignition based on laminar non-premixed flows [34] , and (iv) low temperature oxidation behavior in plug flow reactors [104] .
Also, note that the Jet-A and JP-8 fuels studied in the experiments might have different values for the target properties (H/C ratio, sooting index, cetane number, etc.), which fall within the ranges listed in Table 3 , while the S o surrogate is representative of an average jet fuel (see Section 3.3). Nevertheless, comparing results obtained using S o as the fuel with experiments performed with different JP-8 and Jet-A fuels is very valuable here, since this provides a common base to leverage all available experimental data for JP-8 and Jet-A fuels, and thereby (i) evaluate the consistency between different experimental datasets, especially for ignition delays, and (ii) assess the ability of the surrogate and the proposed mechanism to represent the experimental measurements.
Further, S o mimics the H/C ratio and cetane number of Jet-A POSF 4658 closely, which is the fuel studied in a number of experiments considered for validation here [3, 39, 40, 49, 52] . Therefore, the comparisons between the results obtained from S o and these experiments are indeed suited to be evaluated critically. Nonetheless, note that, for a particular sample of jet fuel, a specific surrogate could be proposed following the approach demonstrated by Dooley et al. [40] or equivalently, setting all optimization targets in our surrogate definition approach as constraints, which must then be validated in a comprehensive manner.
In the following simulations, shock tube experiments are modeled using a constant volume homogeneous reactor configuration. The same ignition criterion as in the experiments is used to compute the ignition delay times. Constant pressure simulations under adiabatic conditions are used to model the flow reactor experiments. Laminar flame speeds have been calculated in a manner similar to that described in our previous works [54] [55] [56] [57] . All numerical calculations have been performed using the FlameMaster code (version 3.3.10, [105] ).
Ignition delays
Before discussing the ignition delays for the proposed jet fuel surrogate, a comparison between the ignition delays computed for the neat components and the experimental data for the real jet fuel (Jet-A and JP-8) from Vasu et al. [41] is shown in Fig. 6 . Note that m-xylene does not exhibit low temperature reactivity, a behavior which is also supported by experiments [103] .
At high temperatures (T > 1000 K), ignition delays of the major components, n-dodecane and methylcyclohexane, are similar to those of the real fuel. At moderate temperatures (750 K < T < 900 K), the ignition delays for methylcyclohexane are longer and those for n-dodecane are shorter than the real jet fuel ignition delays. Therefore, it is optimistic that a surrogate mainly comprised of these two fuels would be able to predict the experimental measurements adequately. This will be the object of investigation in this section.
To illustrate another example, a short chemical mechanism consisting of 174 species and 1893 reactions derived for n-heptane, iso-octane, and toluene mixtures, based on the component library approach, is used to compute these component ignition delays. The ignition delays of n-heptane, iso-octane, and toluene at high temperatures are more than twice longer compared to those of the real jet fuel (shown in Supplementary materials, Fig. S3 ). This suggests that no surrogate comprised of these hydrocarbons as components will be able to reproduce the ignition delay characteristics of real jet fuels satisfactorily.
Fuel lean conditions 4.1.1.1. Low pressures. At atmospheric pressures and equivalence
ratio of φ = 0.5, Freeman and Lefebvre [21] and Gokulakrishnan et al. [42] measured ignition delays of Jet-A and JP-8 fuel, respectively, in a flow reactor. When compared to these data in Fig. 7(a) , the simulations predict shorter ignition delays. However, when compared to the recent shock tube measurements of Zhu et al. [44] at P = 3 atm in Fig. 7(b) , it can be seen that the ignition delay predictions are almost within the quoted uncertainties in the measured data. In view of this, the reason for the differences in Fig. 7 (a) could be speculated to be due to the inaccuracies introduced from modeling the flow reactor experiments of Gokulakrishnan et al. using an adiabatic homogenous constant volume reactor.
At similar lean conditions and higher pressures, P ∼ 9 atm, Dean et al. [43] measured ignition delays of Jet-A/air mixtures in a shock tube. Recently, Zhukov et al. [45] measured ignition delays at similar pressures using a heated shock tube at the same equivalence ratio using the same fuel sample as Dean Fig. 7(c) ) should be considered with caution. et al. [45] obtained in a shock tube at P = 20 atm, lean conditions (φ = 0.5), and high temperatures, is shown in Fig. 8(a) . Agreement between the predictions and the experiments is good at these high temperatures (T > ∼ 1000 K). At T ∼ 1050 K, the simulations agree well with the data from Vasu et al., in comparison to the data from Zhukov et al. Considering the discrepancy between the data from Zhukov et al. [45] and Vasu et al. [41] at T ∼ 1100 K at P = 20 atm, it could be surmised that the lowest temperature data point of Zhukov et al. [45] in Fig. 7 (c) could also be a under-prediction, meaning a better agreement of the simulations at these conditions. Wang and Oehlschlaeger [3] measured ignition delays of a Jet-A fuel (POSF 4658) fuel in a shock tube and investigated fuel/air mixtures of varying equivalence ratios and at different pressures.
High pressures. A comparison of computed ignition delays with experimental measurements from Vasu et al. [41] and Zhukov
Figure 8(b) shows that at lean conditions of φ = 0.5, the high temperature ignition delays are predicted in good agreement with their experimental measurements. This was also observed when comparing against shock tube ignition delay data from Vasu et al. [41] at similar experimental conditions in Fig. 8(a) . For leaner fuel/air mixtures, φ = 0.25, in Fig. 8(c) , the simulated results agree best with the experiments at high temperatures, T > 1100 K. The predictions show deviations compared to the experiments at lower temperatures (up to a factor of 2), 900 K < T < 1100 K. The simulations are in better agreement at moderate and low temperatures at equivalence ratio of φ = 0.5 in Fig. 8(b) .
Considering Fig. 8(b) , the simulations predict similar slope of ignition delay time curve at moderate temperatures where NTC regime of ignition persists, 760 K < T < 1000 K, as well as at low temperatures, T < 760 K. The temperatures at which the ignition behavior transitions from one regime to another (meaning the temperatures at which the ignition delay time curve peaks or reaches a minimum) also agree with the experimental data. However, the computations show an overall over-prediction of 40-50% compared to the measurements. Nevertheless, this remains to be a favorable result for these moderate temperatures.
Stoichiometric conditions 4.1.2.1. Low pressures.
The computed ignition delays are compared with the measurements obtained by Zhu et al. [44] in a shock tube at pressures P = 3 and 6 atm and high temperatures (T > 1100 K) in Fig. 9(a) . The model predictions show a very good agreement with their experimental data set, falling within the uncertainties in the measurements.
At pressures, P ∼ 10 atm, the simulated ignition delays at φ = 1.0 are compared with the experimental data from several groups [3, 43, 45] in Fig. 9(b)-(d) . The computed results show an overprediction compared to the experimental data from Dean et al. and Zhukov et al. at high temperatures, T > 1000 K, in Fig. 9(c) , however, fall with the experimental uncertainty of the data reported by Wang and Oehlschlaeger at similar pressures (seen clearly in Fig. 9(b) and (d) ).
Wang and Oehlschlaeger [3] attribute the differences between their data compared to the data from Dean et al. to the chemiluminescence measurements made by Dean et al. at the side wall locations. For highly exothermic reactant mixtures, this can result in artificially shortened observed ignition delay times [106] and appreciably affect the short ignition delay times, such as at those temperatures in Fig. 9(c) . Also, note that the data of Dean et al. [43] and Zhukov et al. [45] in Fig. 9 (c) at P = 9 and 10 atm, respectively, lie below the data of Wang and Oehlschlaeger at P = 11 atm at temperatures 1100 < T < 1400 K, which is counter-intuitive to the pressure dependence of ignition delays at these temperatures. These arguments allow to conclude that the present model predictions lie within the experimental variability at the high temperatures.
At the transition to the NTC ignition regime (850 K < T < 1000 K), the simulated results show an over-prediction (up to 60%) compared to the experimental data in Fig. 9(b) and (d) , however, fall within the uncertainty in the experimental data at moderate temperatures (750 K < T < 850 K) in Fig 9(d) . At lower temperatures, 700 K < T < 750 K, RCM data from Valco et al. [46] seem to diverge from the data of Wang and Oehlschlaeger [3] . Valco et al. attribute this deviation to the physical compression stroke, where at higher temperatures some pre-ignition chemistry could be occurring [46] .
High pressures.
At P ∼ 20 atm, a comparison between the simulations and experimental data for different jet fuels obtained in (a) shock tubes: Refs. [3, 41, 45] , and (b) rapid compression machine: Refs. [39, 46] are shown in Figs. 10(a) and 10(b) . The computations show a good agreement with the data at T > 1100 K, following the Wang and Oehlschlaeger data [3] closely, while showing differences compared to those from Vasu et al. [41] and Zhukov et al. [45] (see Fig. 10(a) ).
The simulations show an excellent agreement with the experimental data in Fig. 10(b) at T > 760 K, with the slope at the high temperatures and in the NTC ignition regime well represented by the simulations. At lower temperatures in Fig. 10(b) , the simulations predict longer ignition delays compared to the experiments of Wang and Oehlschlaeger [3] and Valco et al. [46] , while they agree better with the experimental data from Dooley et al. [39] .
At elevated pressures, P ∼ 40 atm, in Fig. 10(c) , the computations show an excellent agreement with the experimental data at high temperatures. However, at intermediate temperatures, 700 K < T < 900 K, in Fig. 10(d) , the simulations predict shorter ignition delays, accompanied by an early transition into low temperature ignition regime (meaning a transition at higher temperatures) than that suggested by the experiments. Oehlschlaeger noted a stronger dependence of ignition delays on pressures at lower pressures, and a weaker dependence at elevated pressures. To be specific, between pressures P ∼ 11 atm and P ∼ 20 atm, the measured ignition delays are 3 times longer at the lower pressure. In contrast, between pressures P ∼ 20 atm and P ∼ 39 atm, the measured ignition delays take similar values, within 10% difference between these two pressures.
It is not entirely unexpected that the computed ignition delays for S o show a similar pressure dependence at moderate and elevated pressures, since such a behavior was also observed at intermediate temperatures for the major components, n-dodecane (in Fig. S4(a) ) and methylcyclohexane (in Fig. S5 ). Substantiating this trend, a sensitivity analysis performed at P = 20 and 40 atm for the fuel specific reactions (shown in Fig. S13 in the Supplementary materials) also reveals that the ignition delays are sensitive to nearly the same set of reactions, suggesting that similar kinetics are at play at those different pressures. In view of this discussion, it could be concluded that the weaker pressure dependence displayed by the experiments at elevated pressures for the jet fuel cannot be represented using the proposed surrogate mixture.
The ignition delays measured at different pressures in an RCM by Valco et al. [46] at low temperatures (T < 700 K) are considered next ( Fig. 10(e) ). The computations agree with the measurements at the lowest pressure examined, while predicting longer ignition delays compared to the data at higher pressures. The predicted temperature dependence on ignition delays (i.e. the slope dτ /dT) follows the experimental data at all pressures. However, the simulated ignition delays do not exhibit the strong dependence observed in the experimental data. Note that a similar weak dependence of the computed ignition delays on pressure was also observed for the major surrogate components, n-dodecane [56] (see Fig. S4(b) ) and methylcyclohexane [57] (see Fig. S5 ) at low temperatures. The pressure dependence of the ignition delays of the jet fuel at low temperatures must be revisited when additional experimental data become available at those conditions, preferably from a different measurement facility, such as the shock tube.
Fuel rich conditions
At richer conditions, φ = 1.5, a comparison of the computed ignition delays against the experimental data from Wang and Oehlschlaeger [3] is shown in Fig. 11(a) . A good agreement is seen at moderate to high temperatures, T > 760 K. At lower temperatures, the simulations show longer ignition delays compared to the experiments, which could be explained by a similar trend shown by ignition delays of n-dodecane (see Fig. S11 ).
The simulations show an over-prediction compared to ignition delays at equivalence ratio of φ = 2.0 and high temperatures measured by Dean et al. [43] and Zhukov et al. [45] in Fig. 11(b) . In the study of Dean et al. [43] , the ignition delays were determined using chemiluminescence from the shock tube side wall, and as pointed out by Horning et al. [106] , measurements made at side wall locations can result in artificially shortened observed ignition delay times for highly exothermic reactant mixtures. This could possibly explain the longer ignition delays predicted by the simulations in comparison to the experimental data of Dean et al. [43] . However, the recent measurements of Zhukov et al. [45] at P = 10 atm show a modest agreement with the Dean et al. data, which makes the above explanation dubious. Despite a very good agreement between the computed ignition delays and those measured at high temperatures by Wang and Oehlschlaeger at φ = 1.5 (see Fig. 11(a) ), the results show an over-prediction compared to the data from Zhukov et al. at similar temperatures and pressures, but at φ = 2.0. This suggests that the high temperature predictions of the reaction mechanism used are inadequate at very rich mixtures, such as φ = 2.0, presumably due to the absence of an elaborate rich oxidation chemistry.
Comparison with existing surrogate models
Ignition delays of jet fuels predicted using recent models (2009-present) are shown in Fig. 12 . Also shown in this figure are the ignition delays predicted using the kinetic scheme used here with S o as the jet fuel surrogate.
While capturing high temperature ignition within the experimental uncertainties, the model proposed by Honnet et al. [107] predicts ignition delays almost a factor of 3 shorter than the experiments at lower temperatures (T < 900 K). The models by Dooley et al. [39] and Malewicki et al. [52] (UIC model) show longer ignition delays (factor of 2 and 1.5 respectively) compared to experiments at high temperatures. The predictions from Dooley et al. model agree with data from Vasu et al. [41] at moderate temperatures (750 K < T < 900 K), while the Malewicki et al. model shows faster ignition delays (by almost a factor of 1.5) at those temperatures. The recent model by Kim et al. [35] (UMI model) shows good agreement with the data from Vasu et al. [41] at high and moderate temperatures, while predicts longer ignition delay by almost a factor of 2 at 900 < T < 1100 K. It can be seen that among all these models, the predictions obtained using the present model show the best agreement with the available experimental data at this condition.
In summary, the simulations show a good agreement with experimental ignition delay data at high temperatures, at different equivalence ratios, and atmospheric to elevated pressures, excepting at very rich conditions where the results predict longer ignition times than the experiments. The predictions at low and moderate temperatures are satisfactory for all available experimental data sets, and show a better agreement with the experiments at stoichiometric conditions (at P = 20 atm) than the existing surrogate models (see Fig. 12 ). The simulations under-predict ignition delays at high pressures (P ∼ 40 atm) and moderate temperatures, which could be attributed to the pressure dependence of the ignition delays of the components themselves.
Shock tube oxidation
Mole fractions of the stable species produced during the oxidation of Jet-A fuel (POSF 4658) were measured by Malewicki [41] (pink diamonds) and Wang and Oehlschlaeger [3] (blue circles); lines -predictions using existing surrogate models: Honnet et al. [107] , Dooley et al. [39] , UIC model [52] , UMI model [35] ; Present work-predictions using the present reaction scheme (Section 3.4) with So (Table 3) as fuel. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) et al. [52] and Dooley et al. [40] in a heated high pressure single pulse shock tube, at fixed reaction times, as a function of reactor temperature. Their experimental data was obtained for Jet-A/O 2 /argon mixtures at moderate to high temperatures, T = 890-1680 K, varied pressures, P = 16-26 atm, and equivalence ratios, φ = 0.46, 1.01, 1.85. The reaction time at which the mole fractions were reported is defined as the time duration between the initial pressure rise due to the incident shock reflection and the time to reach 80% of the maximum pressure rise, and varied between 1.34-3.25 ms at different temperatures.
For temperatures T < 1350 K, the uncertainty in measured temperatures is estimated at <1% and for T > 1350 K, this value is <2%. The uncertainty for species measurements is estimated to be ±10%. The experimental set up is modeled here using constant volume simulations at the exact pressures, temperatures, and reaction times, reported in the data sets. The real jet fuel is modeled using S o (Table 3) , using the experimental equivalence ratios.
Lean oxidation
The results of the computations are shown in Fig. 13 for the lean oxidation case along with the experimental data. The simulations and the experiments show a modest agreement for the oxidizer, carbon oxides, small alkanes, alkenes, allene, and propyne in Fig. 13(a)-(f) . There is little reactivity at T < 1000 K (<5% fuel is consumed) while CO and CO 2 builds up at higher temperatures. A reaction flux analysis that describes the fuel decay pathways at high temperatures is presented in Section S3.1.1. This analysis further reveals that, while the reactivity of n-dodecane is similar in the neat fuel and the surrogate mixture, both methylcyclohexane and m-xylene in the surrogate fuel show an enhanced reactivity compared to neat fuel oxidation (see Fig. S6 ).
Higher hydrocarbons. In Fig. 13(g) , the computations show a satisfactory agreement with the experiments for 1, 3-butadiene and but-1-en-3-yne, as well as a good agreement for benzene in Fig. 13(j) , however this deteriorates for larger alkenes and toluene in Fig. 13(h)-(j) . The kinetic model cannot be expected to predict these species in good detail, since these products depend on the chosen components for the surrogate fuel. For instance, isoprene and 1,3-pentadiene are produced from the branched heptenyl radicals which are intermediates of methylcyclohexane oxidation, and hence produced in large amounts from the proposed surrogate mixture, which contains 48.5% (by mole) of methylcyclohexane. Following a similar argument, 1-pentene is produced in large amounts compared to the experiments, since this is a primary product of n-dodecane oxidation, which is present in significant amounts in the surrogate fuel. In view of this, the amounts of 1-hexene and heptene predicted by the simulations showing a modest agreement with the experiments should also be considered with caution.
Due to the presence of a wide range of hydrocarbons in the real fuel, specific large hydrocarbons intermediates are not formed in significant amounts during the oxidation of the fuel. Differences in amounts of higher carbon intermediates were also noted by Dooley et al. [40] when comparing their surrogate with the real fuel oxidation intermediates in the same shock-tube experiment. These differences could therefore be attributed more to the simple surrogate representation employed here than to the inaccuracy of the proposed kinetic scheme for the surrogate.
Stoichiometric and rich oxidation
For the case of stoichiometric and rich oxidation, the oxidizer profiles measured in the experiments and the simulations in Fig. 14 show a good agreement, except for slower oxidizer consumption compared to the experiments at T = 1300-1500 K and T > 1300 K, respectively. At those temperatures, the computed results for small carbon (< C 4 ) intermediates also show a shifted profile compared to the experiments, nonetheless, showing overall good agreement at other temperatures in Figs. 15, S7, and S8. A similar shift was also observed when comparing profiles of neat n-dodecane oxidation with shock tube data at stoichiometric and rich conditions at these temperatures (see Fig. S9 ) and at rich conditions during m-xylene oxidation (see Fig. S10 ).
Malewicki et al. [108, 109] note that revisions to C 1 -C 2 chemistry from Gudiyella et al. [110] result in better O 2 decay profiles in their simulations of iso-octane and n-dodecane oxidation when comparing to shock tube data. However, these revisions provided in Table S5 of Malewicki and Brezinsky [109] , when incorporated in the proposed scheme, result in little differences to the simulated oxidizer profiles shown in Fig. 14 . The predictions for species concentration profiles in n-dodecane and m-xylene oxidation at these conditions must be improved in order to achieve better agreement for the surrogate.
For the larger carbon (> C 4 ) intermediates, the significant differences observed between the experiments and the simulations (see Figs. S7 and 15(e)) could be explained following the argument presented in the previous section. In summary, the simulations demonstrate the ability to predict the amounts of smaller hydrocarbons satisfactorily in comparison to the experimental data.
A reaction flux analysis to identify pathways responsible for the production of different intermediate hydrocarbon intermediates is presented in the Supplementary materials, Section S3.1.2.
Variable pressure flow reactor
Dooley et al. [39] that the local and total heat release depart from the reactor temperature by less than 50 K, and therefore an adiabatic flow reactor model is valid [40] . A comparison between the simulated species concentrations (at time τ = 1.8 s) and the experimental data from Dooley et al. is shown in Fig. 16 .
The reactivities of the surrogate fuel and the real jet fuel start at T ∼ 560 K. At these low temperatures, the simulations show an increased reactivity compared to the real fuel, indicated by a larger depletion of oxidizer in Fig. 16(a) and higher concentrations of CO in Fig. 16(b) . The increased reactivity trend exhibited by the simulations continue into the NTC regime of oxidation for temperatures 625-700 K. The over-prediction of CO is also observed when comparing against experimental data from Natelson et al. [47] at a lean equivalence ratio (P = 8 bar, residence time = 0.120 ms, 80% N 2 dilution) and low temperatures (see Fig. 17 ).
Differences in amounts of CO were also observed in comparison to experiments for neat n-dodecane oxidation at low temperatures (see Fig. S12 ). Therefore, it appears that improvements to n-dodecane kinetics for these conditions could lead to better agreement for the surrogate as well. This potentially involves changes to both thermodynamic properties of species participating in low temperature chemistry and rate rules employed for reaction classes important at low temperatures, as suggested by Bugler et al. [111] and Cai et al. [112] .
Between 700 and 760 K, there is reduced reactivity compared to lower and higher temperatures with little oxidizer consumption and product formation in Fig. 16(a) and (b) . As temperature is increased above 780 K, the oxidation behavior transitions to high temperature ignition regime, with increasing reactivity as at higher temperatures. The simulated profiles predict the transition into high temperature ignition regime accurately, following the experiments. The concentrations of CO 2 and H 2 O show a good agreement with the experiments at T > 750 K, and the CO concentrations show deviations up to 10%.
Reactivity of surrogate fuel components.
The reactivity chart of the different fuels in the surrogate mixture shown in Fig. 18(a) clearly display regions of low, moderate, and high temperature experimental data from Dooley et al. [39] ; uncertainties in the measurements are: O 2 < 4%, H 2 O < 5%, CO < 3%, CO 2 < 3%, solid lines -results from simulations. reactivity for the different fuel components, although to different extents. At low temperatures 560-625 K, n-dodecane and methylcyclohexane are consumed entirely, while almost 60% of m-xylene is left unreacted. In the NTC ignition regime 625-760 K, the fuels are consumed to a lesser extent due to decreased reactivity and thereafter entirely consumed in the high temperature ignition regime (T > 780 K).
Comparing the reactivity chart of of the individual neat fuels (shown in Fig. 18(b) ) with that of the fuels in the surrogate mixture (Fig. 18(a) ), some observations can be made. Neat ndodecane shows an early reactivity at low temperatures (by about 20 K) compared to that in the mixture, and a higher reactivity at moderate temperatures (650-800 K), while the high temperature reactivity is similar for the pure fuel as well as the mixture, with n-dodecane entirely consumed. This suggests that the low and intermediate temperature reactivity of the n-dodecane fuel component is reduced in the surrogate mixture due to the presence of methylcyclohexane and m-xylene, while the high temperature reactivity is largely unaffected. This is also confirmed by the reactivity of methylcyclohexane at low and moderate temperatures. Pure methylcyclohexane shows delayed reactivity at low temperatures (by about 50 K) and a slower reactivity at moderate temperatures compared to that in the mixture, while its reactivity as a pure fuel as well as in the mixture are similar at high temperatures.
The differences in reactivity are marked between the oxidation of pure m-xylene and that of m-xylene in the surrogate mixture. For pure m-xylene, no reactivity is observed at T < 1000 K, whereas reactivity at low and moderate temperatures is clearly displayed for m-xylene oxidation in the surrogate mixture in Fig. 18(a) . This suggests that the radicals produced from the oxidation of n-dodecane and methylcyclohexane lead to an increased reactivity of m-xylene at these moderate and low temperatures.
Laminar flame speeds
Comparison with experimental data
Ji et al. [48] measured laminar flame speeds of JP-8 fuel at atmospheric pressure and at an unburnt temperature of T u = 403 K. At similar conditions as well at higher pressures and higher unburnt temperatures, Hui et al. [49] , Singh et al. [50] , Kumar et al. [51] , and Dooley et al. [40] have also measured laminar flame speeds for Jet-A fuels. The simulated flame speeds are compared with these experimental data in Fig. 19 . In Fig. 19(a) , the flame speed predictions at atmospheric pressure and a preheat temperature of T u = 403 K closely follow those reported by Hui et al. [49] at most of the equivalence ratios and lie within the variability of the rest of the experimental data. The simulations agree with the Ji et al. data at rich equivalence ratios, but show differences compared to the data reported by Dooley et al. [40] and Kumar et al. [51] at both unburnt temperatures, T u = 403, 470 K.
Note that the unstretched laminar flame speeds reported by Hui et al. and Ji et al. were obtained by a non-linear extrapolation of the flame speed versus strain rate curve to zero-stretch rate, whereas Kumar and Sung and Dooley et al. used a linear extrapolation. This could explain the differences between the experimental data sets for rich fuel/air mixtures at T u = 403 K. Since the simulations agree with the more accurate non-linearly extrapolated laminar flame speed data at T u = 403 K, this lends credibility to the computed results. It could be surmised that the simulations would agree with non-linearly extrapolated laminar flame speeds at the higher unburnt temperature (T u = 470 K) as well. At higher pressures, the simulations reproduce the flame speed measurements of Hui et al. within their reported uncertainties, as shown in Fig. 19(b) .
Adiabatic temperature and flame speed correlations
Ji et al. [113] showed that accurate estimates for the adiabatic flame temperatures and flame speeds of mixtures of n-dodecane/methylcyclohexane and n-dodecane/toluene can be obtained from the corresponding values of the individual fuel components, based on the analysis proposed by Hirasawa et al. [114] for n-butane/toluene mixtures.
From the analysis presented by Ji et al. [113] and Hirasawa et al. [114] ,
where X i is the mole fraction of the ith component in the fuel mixture, N i the total number of moles of products (obtained from the equilibrium composition), T i ad is the adiabatic flame temperature, and S i L is the laminar flame speed of the the neat fuel i (as a function of φ).
These relations are now used for the ternary mixture of n-dodecane/m-xylene/methylcyclohexane proposed as the jet fuel surrogate in this work (given in Table 3 ). The estimated adiabatic flame temperatures show an excellent agreement with the computed values to within < 0.1% at all equivalence ratios in Fig. 20(a) . The estimated and computed flame speeds show a good agreement, with the maximum difference being 8% for the rich equivalence ratios, suggesting that kinetic coupling among fuels have little effect on flame speeds, as noted by Ji et al. [113] .
The quantities within curly parentheses in Eq. (4) are indicative of the importance of the different fuels towards the (logarithm of) flame speed of the mixture, and these are plotted in Fig. 20(b) . This bar chart shows that the importance values of n-dodecane and methylcyclohexane are similar at all equivalence ratios, while that of m-xylene is less than half of the other two fuels. This suggests that it is important to accurately predict the flame speeds of n-dodecane and methylcyclohexane in order to predict that 
Species profiles in flames
The chemical structure of an atmospheric burner stabilized rich (φ = 1.7) premixed kerosene flame was investigated by Douté et al. [23] . The mole fraction profiles of major species and products were measured using gas chromatography. The simulations are compared to their experimental data in Fig. 21 .
The temperature profile is prescribed from the experiments in the present simulation. The initial conditions in terms of species mole fractions and injection velocity for the premixed kerosene flame need to be adjusted from the experimental data, as the surrogate differs from the average formula used by Douté et al. [23] (assumed to be C 11 H 22 ). Conserving the element mass flux between the simulations and experiments results in the following constraints on the mass fractions of the reactants and the injection velocity used in the simulations (denoted by primed quantities) [38] :
where X F , X O 2 , and X N 2 are the mole fractions of kerosene, oxygen, and nitrogen, respectively, and v is the injection velocity used in the experiment, n C and n H are the number of carbon and hydrogen atoms in the assumed molecular formula of the kerosene fuel. It is not possible to satisfy Eq. (7) here, since the H/C ratio for the present surrogate is different from that of the fuel studied experimentally. Therefore, the initial conditions are obtained by conserving the mass flux of carbon (Eq. (6)) between the experiments and the simulations. The major products CO, CO 2 , and H 2 (in Fig. 20(a) ) are well predicted by the simulations. In Fig. 20(b) , the oxidizer is consumed faster than the experiments starting 4 mm from the burner, and correspondingly, the amount of H 2 O is over-predicted compared to the experiments. The faster consumption of O 2 also correlates with the early decay of small hydrocarbon intermediates (≤ C 3 ) in Fig. 20(c)-(e) . While the amounts of allene and propyne are underpredicted by the simulations, the concentration of benzene (C 6 H 6 ) is captured well.
The agreement between the experiments and simulations remains satisfactory in view of the significant uncertainty in the temperature profile measured in the experiments (about ± 100 K). Further, the H/C ratio of the fuel used in the experiment and the present surrogate is different, which could also be important to explain the differences observed in Fig. 21 .
In summary, in this section, the proposed jet fuel surrogate (S o ) and the kinetic mechanism to describe its oxidation have been evaluated comprehensively by comparing against available experimental data. Thus, the ability of the surrogate to predict the real fuel combustion characteristics has been characterized in detail. Further, the importance of the different surrogate fuel components towards predicting global combustion characteristics have also been discussed. The validation tests conducted in this study show that the surrogate S o , which is representative of the average jet fuel, and its kinetic mechanism is able to capture combustion characteristics in several cases satisfactorily.
Conclusions
A flexible and evolutive component library framework has been proposed to derive short chemical mechanisms with only the necessary kinetics for the desired surrogate mixture. Using these accurate and compact kinetic models, an extensive evaluation of several surrogate mixtures in emulating the combustion kinetic behavior of the real fuel can be conducted. Thereby, the best choice of surrogate components among the several mixtures typically considered as surrogates for real fuels could be identified.
The concept has been demonstrated using a multi-component reaction scheme developed from our previous kinetic modeling efforts [54] [55] [56] [57] , by reorganizing it in the form of a parent mechanism containing sub-mechanisms of several component fuels, thanks to its compact size and modular mechanism assembly. A script to extract a chemical mechanism for a surrogate mixture, the kinetics of whose individual components are described in this parent chemical mechanism, is available online [69] as well as in the Supplementary materials.
Note that the component library approach described in this article can be applied, in principle, to any reaction mechanism. Nevertheless, the process of reorganizing the multi-component reaction scheme into a library of component sub-mechanisms will be readily feasible for a compact mechanism assembled in a modular fashion with no direct cross-reactions between heavy molecules. These criteria are met by the multi-component kinetic scheme [57] that was used to demonstrate the component library framework.
This parent multi-component reaction mechanism has been characterized extensively for the component kinetic description and also possesses a compact size (369 species and 2691 reactions, counting forward and reverse reactions separately). Hence, this kinetic scheme is accurate and reliable as well as amenable to chemical kinetic analysis. This reaction mechanism describes the kinetics of several substituted aromatics [55] , n-dodecane [56] , and methylcyclohexane [57] , and has the capability to describe the oxidation of n-heptane and iso-octane, which are all important as components of transportation fuel surrogates. The ability to predict oxidation at low through high temperatures for a number of molecular species is another highlight of this kinetic model, which is important for controlling combustion in the context of using jet fuels in diesel and HCCI type engines. Furthermore, the wellvalidated aromatic chemistry makes this reaction mechanism appropriate for assessing the formation of pollutants.
This component library based re-arrangement of the multicomponent reaction mechanism [57] makes it possible to extract reaction schemes for many hydrocarbon combinations. These kinetic mechanisms can then be used to assess potential surrogates for real fuels, such as Fischer-Tropsch, diesel, and gasoline fuels extensively. To give an example, the applicability of the component library framework has been displayed for jet fuel surrogates in this work. A jet fuel surrogate is defined using a constrained optimization approach to contain 30.3% n-dodecane, 21.2% m-xylene, and 48.5% methylcyclohexane (mol%). The kinetics of this surrogate mixture are then extracted from the multi-component reaction mechanism described above using the component library approach. Thereafter, the predictive capabilities of the surrogate and the kinetic model are assessed extensively at low to high temperatures in well studied experimental configurations, such as shock tubes, rapid compression machines, premixed flames, and flow reactors.
Detailed validation has been conducted on a variety of data sets, showing good agreement in most cases. In fact, the ignition delays predictions compared to experiment data from low to high temperatures at stoichiometric conditions (at P = 20 atm) show the best agreement among existing surrogate models. In a few cases, the simulations showed significant differences compared to experiments, and the discrepancies have been traced to either the inadequacy of the chosen components in the surrogate mixture or deficiencies in the predictions from component kinetics. The simulations also predict the experimental measurements of species profiles in flow reactors at high temperatures as well as laminar flame speeds accurately.
The reaction mechanism valid from low to high temperatures, which has been used to obtain the results shown in this work, as well as the mechanism applicable at high temperatures only, along with the thermodynamic and transport properties are available as a part of the Supplementary materials.
